Driven by interactions due to the charge, spin, orbital, and lattice degrees of freedom, nanoscale inhomogeneity has emerged as a new theme for materials with novel properties near multiphase boundaries. As vividly demonstrated in complex metal oxides [1][2][3][4] [5] and chalcogenides 6,7 , these microscopic phases are of great scientific and technological importance for research in hightemperature superconductors 1,2 , colossal magnetoresistance effect 4 , phase-change memories 5, 6 , and domain switching operations [7] [8] [9] . Direct imaging on dielectric properties of these local phases, however, presents a big challenge for existing scanning probe techniques. Here, we report the observation of electronic inhomogeneity in indium selenide (In 2 Se 3 ) nanoribbons 10 by near-field scanning microwave impedance microscopy [11] [12] [13] . Multiple phases with local resistivity spanning six orders of magnitude are identified as the coexistence of superlattice, simple hexagonal lattice and amorphous structures with ~100nm inhomogeneous length scale, consistent with high-resolution transmission electron microscope studies. The atomic-force-microscope-compatible microwave probe is able to perform quantitative sub-surface electronic study in a noninvasive manner. Finally, the phase change memory function in In 2 Se 3 nanoribbon devices can be locally recorded with big signal of opposite signs. complex permittivity ε(ω) = ε′ + iσ/ω, where ε′ is the dielectric constant and σ the conductivity, which holds a special position to study the ground state properties of materials. For local electrodynamic response, near-field technique is imperative to resolve spatial variations at length scales well below the radiation wavelength 16 . For this study, the working frequency is set at ~1GHz,
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While the conventional wisdom on solids largely results from the real-space periodic structures and k-space band theories 14 , recent advances in physics have shown clear evidence that microscopic inhomogeneity, manifested as sub-micron spatial variations of the material properties, could indeed occur under certain conditions. Utilizing various probe-sample coupling mechanisms 15 , spatial inhomogeneity has been observed as nanometer gap variations in high-Tc superconductors 1,2 , coexisting electronic states in VO 2 near the metal-insulator transition 3 , ferromagnetic domains in manganites showing colossal magnetoresistance effect 4 , and in an ever-growing list. Probing these non-uniform phases provides not only much knowledge of the underlying interactions, but also valuable information for applications of the domain structures. In particular, spatially resolved properties are of significant interest for phase change and other switching materials to be on board the nanoelectric era [5] [6] [7] [8] [9] .
While a number of contrast mechanisms 15 have been employed to visualize the electronic inhomogeneity, established scanning probe techniques do not directly access the low-frequency (f) complex permittivity ε(ω) = ε′ + iσ/ω, where ε′ is the dielectric constant and σ the conductivity, which holds a special position to study the ground state properties of materials. For local electrodynamic response, near-field technique is imperative to resolve spatial variations at length scales well below the radiation wavelength 16 . For this study, the working frequency is set at ~1GHz,
i.e., in the microwave regime, to stay below resonant excitations at optical frequencies 17 . The nearfield interaction can be understood as tip-sample impedance change. And a thin surface insulating layer, equivalent to small series impedance, will not shield the capacitive coupling to sub-surface features. The AC detection is very sensitive using mostly noninvasive RF excitation (<0.1V), in contrast to electrostatic probes 15 requiring a high DC bias (>1V) to reveal the conductivity distribution.
The most common design of the near-field microwave probe is an etched metal tip, which limits the resolution to several microns, backed by a massive cavity or transmission line resonator [18] [19] [20] . The strong contact force due to the rigid structure easily causes damage to the tip and the sample, halting the applications on practical nano-devices. Compliant cantilever probes on atomic force microscope (AFM) platforms 21 ( Fig. 1a) are much better in this aspect. In this work, the probe of our scanning microwave impedance microscope (MIM) is micro-fabricated on silicon nitride cantilevers with shielded metal traces and focused-ion beam (FIB) deposited Pt tip [11] [12] [13] (Fig.1a inset) .
The microwave electronics detect the real and imaginary components of the effective tip-sample 3 impedance and output as MIM-R and MIM-C signals (Fig. 1b) , which contain the local (ε,σ) information of the material. Therefore, we believe that the MIM can afford a powerful and generalpurpose tool to study nanoscale dielectric inhomogeneity in a noninvasive manner.
The material for this study is the layer-structured III-VI compound In 2 Se 3 , a technologically important system in solar cell 22 , battery 23 , and phase-change random access memory (PRAM) 24, 25 applications. The crystal structure, as seen in Fig. 1c , shows strong covalent bonding within each layer and weak van der Waals force between the layers. While bulk In 2 Se 3 presents many complicated crystal structures 26 , the nano-structures grown by the vapor-liquid-solid (VLS) method is single-crystalline in nature 27, 28 . The nanoribbon samples, with a thickness t = 20~50nm and a width varying from 100nm to several microns, were transferred to SiN x substrates and contacted by
In/Au electrodes 10 . Fig. 1d shows the MIM image of an In 2 Se 3 nanoribbon. While the standard AFM signal shows a flat surface, the MIM-C image reveals clear sub-micron spatial inhomogeneity.
Throughout the paper, the color rendering is such that brighter color represents larger tip-sample capacitance in MIM-C, and more loss in MIM-R.
A careful study of the microwave images was performed on a large In 2 Se 3 nanoribbon piece contacted by 4 In/Au electrodes, as seen from the scanning electron microscope (SEM) picture and AFM image in Fig. 2a . Voltage pulses were applied across these leads to induce appreciable conductivity inhomogeneity. After the pretreatment, the two-terminal resistances (R 2T ) 29 of all three segments increased by 3 decades. Using the standard conductive AFM (C-AFM) mode, we also confirmed that the sample surface is insulating and prohibits DC current flow.
The MIM images of the same ribbon are shown in Fig. 2b , with the data on the metal electrodes excluded in the analysis. Substantial electronic inhomogeneity is observed within the nanoribbon, which cannot be resolved by SEM, AFM, or C-AFM. Qualitatively, the near-field response is consistent with the transport data between adjacent electrodes. For the upper two sections with R 2T in the order of 10 8 Ω, the MIM images display strong non-uniformity. Whereas for the bottom section with R 2T = 2MΩ, the bright area dominates the MIM-C image except for a weak breakage in the middle. The length scale of these inhomogeneous domains ranges from 100nm to microns. The sharpest transition between different domains is ~100nm, as seen in the line cut in Fig. 2c , which is equivalent to the tip diameter.
Quantitative understanding of the images requires finite-element analysis (FEA) of the tipsample interaction 12 and the result is shown in Fig. 2c . For illustration purpose, the x-axis is converted to local sheet resistance R S = 1/(σ ⋅ t) and y-axis to output voltage, with 1(GΩ) Finally, the maximum contrast signal, ~300mV in MIM-C and ~100mV in MIM-R, also agrees with the lumped-element FEA simulation.
In order to shed some light on the observed electronic inhomogeneity, control experiments were carried out on In 2 Se 3 nanoribbons deposited on SiN x membranes for simultaneous transmission electron microscope (TEM) and transport studies 10 . Three distinct structural phases, as seen from the high resolution TEM images and the selected-area electron diffraction (SAED) patterns in Fig. 3a , are observed in ribbons in the [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] growth direction. Correspondingly, typical I-V characteristics of the three phases are shown in Fig. 3b . It has been previously reported that pristine VLS-grown [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] In 2 Se 3 nanoribbons with superlattice structures (Fig. 3a, left) exhibit metallic behavior and room temperature R 2T as low as kilo-ohms 10 . Further studies show that after applying a low voltage (<1V) pulse, R 2T can increase up to mega-ohms and the ribbons behave semiconducting. For these devices, the superlattice structure is usually lost and simple hexagonal lattice is observed (Fig. 3a, middle) . Finally, as a phase change material 24, 25 , In 2 Se 3 can be switched between crystalline and amorphous (Fig. 3a, right) states by high voltage pulses, with R 2T in the giga-ohms range for the amorphous state. Interestingly, all three phases could coexist in a single device after Joule-heating, as seen in Fig. 3c and the zoom-in view in Fig. 3c . The length scale of 5 this structural inhomogeneity is again around 50~100nm. We therefore assign the same color scheme (red, green, and blue) here in accordance with the local electrical imaging result in Fig. 2 .
Finally, we demonstrate that the MIM can provide spatially resolved information when In 2 Se 3 nano-devices are phase-switched by voltage pulses. Fig. 4a shows the SEM image of a long nanoribbon contacted by 9 In/Au leads. The resistance between adjacent fingers was around 10KΩ before any treatment. For the intact segment iii below the bottommost electrode, the MIM-C image in Fig. 4b (bottom) appears very bright over the substrate. In the successive transport measurements, short pulses, depicted in the inset of Fig. 4c , were applied to the ribbon and R 2T increased to >1MΩ for all sections. After this pulse, the MIM-C image shows a much weaker contrast over the background, as seen for section i (Fig. 4b, top) with R 2T = 2MΩ. Furthermore, a high bias sweep ( Fig. 4c) was applied across the nanoribbon segment ii. Interestingly, the MIM-C data of this segment (Fig. 4b, middle) clearly break into two domains. The upper portion of the device shows positive contrast over the background and the lower portion negative. We therefore conclude that as the device cooled down from the melting point, the upper part re-crystallized and became highly conductive again, while the lower part stayed amorphous and resistive. We note that the large signal with opposite signs recorded by the MIM (Fig. 4c ) most vividly displays the phase change memory function of the In 2 Se 3 devices. It is possible to further implement the MIM as a spatially-resolved readout instrument for memories with large resistivity changes. Rather than detecting the minute topographical variations accompanying the phase change 6 , the MIM directly measures the local electronic property and is much more sensitive for the operation.
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